The flame emission spectra were measured from the combustion of biomass in a boiler, from which the ratio of the alkali metals' number densities (sodium and potassium) were precursory derived. Fly and bottom ash samples were collected to determine their composition via scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDX). A comparison of the alkali metals' number density ratios (from the flame emission spectra) and the ash composition provided information on potential pathways for the alkali metals. The comparison also showed that the number density ratio can be taken as a tentative in-situ indicator of the alkali metals' ratio.
Introduction
Biomass is increasingly used for providing heat and power, and its associated particulate emissions have been known to cause environmental, operational and health issues. Larger particulates can cause asthma attacks, while ultrafine particles (particulates which are smaller than 1 μm in size) are easier to inhale and reportedly can cause cardio pulmonary diseases and lung cancer 1) ～ 3)
. Particulates are formed through the nucleation of gaseous species, such as volatile organic compounds (VOC), semi-volatile organic compounds (SVOCs) and alkali metals 4) . Alkali metals are emitted in the form of alkali chloride and hydroxide vapors from the fuel during the initial stage of combustion and undergo homogeneous nucleation to form initial particulates, and condenses when the temperature is lower to form ultrafine particles 5) . The condensation temperature depends on whether the alkali metals are in the form of sulfates, chlorides or other compounds. Alkali sulfates (K2SO4 and Na2SO4) have been reported to condense at temperatures below 950 °C, while alkali chlorides (KCl and NaCl) condense at temperatures below 600 °C 6) . Coarser particles (≥PM10) have also been found to contain high amounts of potassium 7) , and act as a link between the larger and finer particles.
Alkali metals can act as adhesives that allow ash deposition on heat transfer surfaces 8) . If the temperature is high enough, the alkali metals form low-melting substances by reacting with SiO2 and Fe2O3 contained in the ash deposits, thus decreasing the heat transfer efficiency. Alkali metals also react with SiO2 on a particulate level to form agglomerates 8)
.
The above review shows that alkali metals play a crucial role in the formation of particulates and slagging as a result of biomass combustion. Thus, the objective of this study is to characterize alkali metal emission from the combustion of biomass in two 1 MW Stoker boilers via optical emission spectroscopy. As mentioned earlier, the alkali metals' reactions are complex (some of which include devolatilization, nucleation, condensation, agglomeration, and slagging) and obtaining their reaction rates require controlled experimental conditions (e.g. injection of known quantities of alkali metals) and extensive chemical analyses at different locations of the boiler.
In this study, the reaction pathway of the alkali metals is preliminarily investigated by comparing the ratio of the alkali metals' emission signals from the optical emission spectra (OES) from the boiler's grate area with those from the ash samples. The method proposed here is unable to determine the reaction rates and therefore the dominant reaction pathways, but the comparison of the ratio from the OES with those from the ash samples would be able to provide a tentative in-situ indicator of the pathways and estimated contents of the alkali metals.
Experimental Methods
The flame emission spectra is obtained from a biomass boiler using an AvaSpec-ULS2048 Starline spectrometer which has four channels capable to measure at an accelerating voltage of 15 kV and at a working distance of 15 mm. Single particle analysis was performed with the SEM that is coupled to a energy dispersive x-ray spectroscope (EDX) that has a Bruker XFlash Beryllium 6/60 detector (8386 series). The X-ray spectra were acquired for 60s.
In addition, several slagging indices were determined to characterize the harmfulness of biomass combustion. The total alkali content is total content of the alkali metal oxides in the ash samples (K2O + Na2O), while the base-to-acid (B/A) ratio and silica index are determined via the weight fraction of the following oxides 12) 13) :
(1) The peaks detected at these wavelengths represent the energy released from a photon as the respective elements' electron transition from a higher to lower energy .
The peaks for the sodium spectral lines mentioned earlier represent electronic transitions from the 3s 2 S1/2 to 3p 2 P3/2, 1/2 states respectively, while the peaks for the potassium spectral lines represent electronic transitions from 4s 2 S1/2 to 4p 2 P3/2, 1/2 states respectively. The notations 3s, 3p, 4s, and 4p refer to the atomic orbitals where the valence electrons are. The latter terms ( 2 S1/2, 2 P3/2, 1/2) are the atomic term symbols mentioned earlier.
Sodium-to-potassium ratio
From the atomic emission spectra of the flame in Fig. 2 , the first peak of the atomic emissions of sodium and potassium (with the highest emission intensity) was taken to determine the ratio of Na/K. The ratio from two biomass boilers is determined as 0.12 ± 0.03. The values are higher than the averaged Na/K ratios for fly ash and bottom ash samples from SEM-EDX analyses, ranging from 0.009-0.024, as shown in Fig. 3 . The difference suggests that the potassium emission signal is lower than sodium's, resulting in a higher Na/K ratio from the OES.
Without controlled extensive sampling and chemical analyses, the true reasons for the discrepancy may not be known. However, one of the reasons for the discrepancy could be due to the location from where the OES was taken, which is the boiler's grate area. Potassium has been reported to have a higher diffusivity than sodium 8) 17)
, and potassium could diffuse to the particle surface at a faster rate than sodium. Then potassium is emitted as vapors into the area above the bed of fuel. Literature has also suggested that the maximum rate of potassium release occurs after devolatilization 18) , which is located above the bed of fuel.
Since the OES in this study is captured from the grate area, the spectra could be emission signals from the bed of biomass which undergoes a slower char reaction compared to devolatilization 18) . Char reaction decomposes carboxylic acids groups, carbonates and sulfates in the biomass to release gaseous potassium, but this release reportedly accounts for approximately 10% of the total potassium release. Thus, it could be possible that the OES from the Another possibility for the difference is that potassium could have formed ash melts such as silicates or aluminosilicates directly in the burning char particles 19) .
The formation of ash melts would decrease the amount of potassium vapors released, further reducing the emission signal of potassium. However, the reaction rate of silication and aluminosilication relative to char reaction and devolatilization is uncertain and further investigation is required.
The above reactions could be of several pathways which resulted in lower potassium emissions signal and hence a higher than expected Na/K ratio compared to that from the ash samples. However, as mentioned in . In this study, the control of the alkali metal contents in the biomass was not possible.
Sulfur oxide was detected in the fly ash samples as shown in Table 1 . This study did not investigate particulate matter emissions, and further studies are required to determine their potassium content.
Slagging and fouling indices
Due to the higher potassium content in fly ash, the total alkali content and base-to-acid ratios is higher as well, as shown in Table 1 . This indicates that fly ash will have a higher tendency to foul downstream equipment and heat transfer surfaces. The silica index for all ash samples are high enough for the alkali metals to form alkali silicates or alkali aluminosilicates 19) . The propensity for the silication and alumina-silication reactions is higher in the lower furnace area, as indicated by the higher silica index of the bottom ash. Thus, the potassium could be contained within the silicate or aluminosilicate melts, hence the lower potassium content in bottom ash (Fig. 4) .
Conclusion
The study showed that the ratio of the alkali metals' emission signals (Na/K) was higher than that from the ash samples. Notwithstanding the necessity for further experiments to accurately determine the ratios, there are several possible pathways which could contribute to the discrepancies in the ratio. The location from which the OES was taken is in the grate area where the bed of biomass undergo a slower char reaction, which could release potassium vapors at a slower rate compared to devolatilization above the bed of biomass. Potassium could with focus on the potassium content.
As mentioned earlier, without controlled experiments, an accurate determination of the alkali metals' pathways and content is not possible. However, the method proposed in this study could use the Na/K ratio from the atomic emission spectra as a tentative in-situ indicator. By comparison with the ratios from the ash samples, several of many possible reaction pathways were identified.
